The effect of hyperthermal atomic oxygen (AO) exposure on a surface property of Si-doped DLC was investigated.
Introduction
Diamond-like carbon (DLC) is an advanced carbon material that includes amorphous sp 2 and sp 3 carbon phases. DLC has many unique properties for mechanical, optical and microelectronics applications.
DLC has already been applied as a lubricant in air/water, protective layer at hard disk drive, automobile engine parts, cutting tool, optical coatings, gas barrier layer and hydrogen absorbing material 1) . In the space engineering, application of DLC as a new generation solid lubricant has been studied 2) . Such researches were initiated by the recent report that showed the ultralow friction capability (friction coefficient smaller than 0.01) of the hydrogenated DLC in vacuum 3) . Space tribologists are expecting the excellent friction capabilities of DLC as a solid lubricant usable in space (It is required low friction coefficient both in air and vacuum). However, ultralow friction property of the hydrogenated DLC is unstable and further research is performed to achieve stable low friction of DLC in vacuum 4) . On the other hand, when DLC is applied to the exposed section of spacecraft, it may be affected by the space environments. Since DLC is a carbon material, reaction with hyperthermal atomic oxygen (AO) is one of the keys for evaluating the survivability of DLC in space environment. In our previous study, we have reported that hydrogenated DLC is eroded by the hyperthermal AO reaction 5) . It has been clarified that the tribological property of hydrogenated DLC has also affected by AO exposure 6) . These experimental results suggested that the proper protection method is required for the use of DLC in space environment. Our research results on AO reaction with MoS 2 solid lubricant clearly indicated that the Mo atoms in MoS 2 formed low vapor pressure oxide (MoO 3 ) with AO reaction and plays as a protective layer with self-healing capability 7) . This conclusion leads to the idea that Si-doping of DLC would protect DLC from the AO bombardment in LEO space environment.
In this study, the effect of Si-doping for protecting DLC from AO environment in LEO was studied. Both surface and tribological properties are reported.
Experimental details

Specimen
The samples used in this study were Si-doped hydrogenated DLC films. They were prepared by the plasma chemical vapor deposition (CVD) on a 6-inch Si wafer. Thickness of DLC film was approximately 500 nm, and Si(001) was used as a substrate. The Si-doping was achieved by adding Si-containing gas into the CVD process. Two types of DLC were tested which contain Si atoms approximately 10 at% and 20 at% in order to 
AO beam source
The space environment simulation facility at Kobe University was used in this study 8) . The schematic drawing of the facility is shown in Fig.1 . It equipped a laser detonation AO beam source, which was originally designed by Physical Sciences Inc. The AO beam was formed using a CO 2 laser (wavelength: 10.6 m, output power: 5 7 J/pulse). The average translational energy of the AO beam was measured by the time of flight of oxygen atoms with the flight length of 238 cm. Flux of the AO beam was measured from the mass gain of silver film on the quartz crystal microbalance (QCM). High-speed chopper system, which is described in the companion paper 9) , was not used in this study.
Analytical methods
Two types of analytical techniques were applied in this study. The DLC surfaces before and after AO exposure were analyzed by a synchrotron radiation photoelectron spectroscopy (SR-PES) with the soft X-ray beam at BL23SU in the SPring-8 facility (Fig.2) . Low excitation energy of photoemission and high-intensity of monochromated synchrotron radiation provides high energy resolution, high signal to noise ratio, and extremely surface sensitivity of photoemission spectra. The measurement was carried out with excitation energy of 670 eV. Take-off angle of photoelectron was settled at 0 or 70 deg. with respect to the surface normal. The beam diameter of soft x-ray SR is approximately 0.5 mm. On the other hand, depth profiling of atomic density of carbon as well as DLC film thickness measurement were done by Rutherford backscattering spectroscopy (RBS) with the 5SDH-2 tandem electrostatic accelerator located at the Radioisotope and Accelerator Laboratory, Kobe University (Fig.3 
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Trans. JSASS Space Tech. Japan Vol. 7, No. ists26 (2009) Fig.4 shows SR-PES survey spectra of Si 0 % DLC film before and after AO exposure with fluence of 5 x 10 19 atoms/cm 2 . These measurements were done by the photon energy of 670 eV, and the take-off angle of 70 deg. with respect to the surface normal. Since the sensitivity factor of C1s and O1s peaks with the excitation energy of 670 eV is unknown, it is not possible to calculate the oxygen content accurately. However, it is obvious that the change in oxygen concentration at surface region is quite small after subtraction of the background. This experimental result clearly indicates that the amount of surface oxygen hardly changed even after AO beam exposure. The oxidation states of surface carbon atoms are analyzed from C1s peaks. Fig.5 (a) shows the high-resolution C1s SR-PES spectra before and after AO exposure. Gray line indicates the SR-PES spectrum before AO exposure and the black line does that after exposure. It is obvious that the position of C1s main peak (284.5 eV) is not changed. Close up view of the spectra shown in Fig.5 (a) is indicated in Fig.5 (b) . There are two small humps at 286.3eV (chemical shift of +1.8eV) and 288.8eV (+4.3eV) in the C1s spectrum before AO exposure. These two humps are due to CO and COO structure, respectively 10) . After AO beam exposure, the peak intensity of 288.8eV increased significantly in Fig.5 (b) .
Non-dope DLC
Signal intensities near 287.6eV (+3.1eV) also increased. This is due to the formation of OCO structures 10) . From the qualitative analysis of C1s peaks, it is concluded that the outmost surface of DLC is oxidized by reaction with hyperthermal AO. However, major part of carbon atoms at the DLC surface still has C-C bonding, i.e., not oxidized as shown in Fig.5 (a) . These results are interpreted that the oxidation reaction with AO is restricted only in the first layer and the subsurface carbon atoms remains original states.
The RBS spectra of non-dope DLC before and after AO beam exposure are shown in Fig.6 . It is clearly indicated that the carbon signal in RBS spectra is decreased significantly due to AO beam exposure. The carbon density in the DLC film was calculated from these two spectra. The results are compared in Fig.7 . It was observed that the thickness of DLC film decreased dramatically by the AO exposure (400nm 100nm). The density of carbon atom also decreased from 1.5 x 10 23 /cm 3 to 0.3 x10 23 /cm 3 . RBS results suggest that the major part of the DLC film was gasified (or burned) by AO beam-induced oxidation.
From the analysis of SR-PES and RBS spectra, the reaction of non-dope DLC and hyperthermal AO beam is summarized as follows: when hyperthermal AO collides with the outmost carbon atom, the major part of translational energy is released and AO bonded with the carbon atoms. This is certificated by the fact that mass of DLC (or carbon-based materials) increases at the beginning of the exposure 11) . Atom-atom interactions in this energy range are strong enough to localize the oxidation reaction at the first layer of DLC. After oxidized carbon atoms desorbs from the surface maybe with a help of collision-induced desorption process 12) , subsurface carbon atoms are oxidized. This process is repeated and loss of the DLC film becomes obvious. Fig.8 shows the SR-PES spectra of Si-doped DLC containing 20 % of Si before and after AO exposure. After AO exposure, the ratio of carbon/oxygen dramatically decreased and carbon signal almost disappeared. Only Si and O existed at the DLC surface. In order to determine the state of Si atoms, high-resolution Si 2p spectra were analyzed. Fig.9 shows the Si 2p spectra of 20 % Si-doped DLC before and after AO beam exposure. Si2p peak is bimodal before AO beam exposure: 100.2 eV and 102.2 eV. In contrast, 102.4 eV is the major peak after AO beam exposure. Si 2p at around 102 eV is labeled SiO 2 13) . On the other hand, 100.2 eV is considered due to Si with bonding four C atoms 13) . It was thus concluded that the DLC surface 
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before AO exposure is the mixture of C-Si-C and Si oxide which may be formed in the production process of DLC. However, due to the hyperthermal AO exposure, Si atoms are completely oxidized and the surface of the 20 % Si-doped DLC was covered by SiO 2 . RBS spectra of 10 % Si-doped DLC before and after AO exposure are shown in Fig.10 . Incident energy and angle of 4 He ++ beam were 3732 KeV and 75 deg., respectively. In the case of non-dope DLC film, the thickness and carbon density of DLC film drastically decreased by AO exposure as shown in Fig.6 . In contrast, no significant change in RBS spectra is shown in Fig.10 . The depth profile of the carbon density before and after AO exposure does not change even after AO exposure (Fig.11) . Namely, it was confirmed that SiO 2 film formed by the hyperthermal AO protects the DLC underneath the SiO 2 film. This is a good agreement with the previous results showing the penetration of atomic oxygen in -SiO 2 is in the order of 3-5 nm 14) . Thus, it is demonstrated that Si-doping in DLC film protects AO-induced oxidation of DLC which may enable the use of DLC in LEO space environment.
Tribological property of Si-doped DLC
The tribological properties of Si containing DLC were investigated at the Ecole Centrale de Lyon. Detail of the obtained results is reported elsewhere 15) . The 10 % Si-doped DLC provides lower friction coefficient compared with non-dope DLC in ambient air ( =0.04). It keeps friction coefficient below 0.1 even in vacuum. The effect of AO exposure is small because the SiO 2 layer at the DLC surface could easily be removed within the first few slides. However, wear rate of DLC containing 20 % of Si is higher than that of Si 10 %. It is thus concluded that 10% Si-doped DLC is well balanced both in tribological properties and protection capabilities in LEO.
Conclusions
The effect of energetic AO beam exposure on a surface property of Si-doped DLC was investigated. Two types of DLC were tested which contain Si atoms approximately 10 at% and 20 at%. Surface analytical results of SR-PES and RBS have been utilized to characterize the AO-exposed Si-doped DLC. It was identified by SR-PES that the SiO 2 layer was formed by the hyperthermal AO bombardment at the Si-doped DLC surface. RBS data represent that AO exposure leads to severe thickness loss of the non-dope DLC, in contrast, SiO 2 layer formed by the hyperthermal AO reaction protects DLC underneath the SiO 2 layer. Since tribological property of 10 % Si-doped DLC is better than those of non-doped and 20 % Si-doped DLC, DLC containing 10 % of Si is well balanced properties for solid lubricants durable in LEO space environment. 
